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IONIZATION BZOBABILITY OF IRm PARTICLES 
AT METEORITIC VEfrOCITIES * 
by J. C. m a t t e r y  and J. F. F r i i c h t e n i c h t  
TRW Systems, Redondo Beach, California 
ABSTRACT 
The number of ion p a i r s  producod by the t o t a l  
a b l a t i o n  of i r o n  p a r t i c l e s  i n  a i r  and argon was measured 
a s  a func t ion  of p a r t i c l e  v e l o c i t y .  Micron size iron 
p a r t i c l e s  of known mass and v e l o c i t y  a r e  i n j s c t o d  i n t o  
a gas t a r g o t  chamber a d  the r e s u l t a n t  i on iza t ion  col- 
lected w i t h  a para1101 p l a t e  i on iza t ion  c h a m b e r .  h i -  
t i a l  v e l a c i t i e s  of the p a r t i c l e s  ranged from 20 km/sec 
t o  45 lu/sec. The i on iza t ion  p r o b a b i l i t y  fB, for an i r o n  
where v is the  p a r t i c l e  vo lec i ty  in meters/sec. The 
ionfza t ion  p robab i l i t y  of an i r o n  particle i n  a i r  was 
found t o  be 6 = 3.113 r 10- v3'12, with v i n  d s e c .  
p a r t i c l o  i n  argon w a s  found t o  be 0 = 3.114 x 10 -21 v4.13 > 
* 
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1 INTRODUCTION 
One of t he  p r i n c i p a l  ob jec t ives  of ground-based meteor 
observat ions is t o  obta in  t h e  mass and dens i ty  of the  meteoroid 
under s tudy.  The t w o  most commonly employed techniques a r e  
photographic ana lys i s  of t h e  luminous t r a i l  and r ada r  probing of 
t h e  ionized wake. Contemporary meteor theory (see Whipple and 
Hawkins f o r  a summary) provides a framework f o r  r e l a t i n g  the  
measured q u a n t i t i e s  t o  the  q u a n t i t i e s  of primary interest .  How- 
ever ,  t h e  values  of some of t h e  parameters u t i l i z e d  i n  meteor 
theory a r e  not accura te ly  known. Present ly  accepted values a r e  
based on phenomenological observation of n a t u r a l  meteors, and 
the  poss ib le  e r r o r s  a r e  admitted t o  be l a rge .  
1 
This paper g ives  the  r e s u l t s  of experiments i n  which 
meteor ioniz ing  e f f i c i ency  has been determined d i r e c t l y  by 
l abora tory  s imula t ion  of meteor en t ry .  Because of t h e  s t r a i g h t -  
forward techniques employed, it is believed t h a t  t h i s  experiment 
y i e l d s  an accura te  value for meteor ion iz ing  e f f i c i ency .  These 
r e s u l t s  are i n  f a i r l y  good agreement with those obtained by 
a n a l y t i c a l  means. More s p e c i f i c a l l y ,  the value l i e s  between 
t h a t  pred ic ted  by 6pik 
Of atomic i n t e r a c t i o n s  and the value obtained by Verniani and 
Hawkins’ from observat ion of na tu ra l  meteors, 
2 on the  bas i s  of a t h e o r e t i c a l  treatment 
The pe r t inen t  aspec ts  of meteor theory a r e  here reviewed 
1 in t h e  nomenclature of Whipple and Hawkins. A meteor of mass 
m and ve loc i ty  v en te r ing  an atmosphere of dens i ty  p is deceler-  
a t e d  a t  t he  ra te  
where is t h e  drag c o e f f i c i e n t  and A is the  pro jec ted  a rea  of 
the  meteor. The r a t e  of mass l o s s  dm/dt is given by 
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where I: is t h e  heat of ab la t ion  and A is the  hea t  t r a n s f e r  co- 
e f f i c i e n t .  I t  is genera l ly  assumed t h a t  t h e  primary a b l a t i o n  
mechanism is vaporization, hence 6 is the  energy per u n i t  mass 
required t o  vaporize t h e  meteor. The hea t  t r a n s f e r  c o e f f i c i e n t  
A is t h e  f r a c t i o n  of meteor k i n e t i c  energy converted t o  meteor 
i n t e r n a l  energy t h a t  r e s u l t s  i n  heating, melting, and vapori-  
z a t i o n  of t h e  meteoric mater ia l .  The k i n e t i c  energy lo s t  by 
dece le ra t ion  has been neglected i n  Eq. (2), s i n c e  it is neg l ig ib l e  
f o r  m o s t  meteors. 
I t  can be seen f r o m  Eq. (2) t h a t  measurement of dv/dt, 
dm/dt, and a knowledge of t he  cons tan ts  would be s u f f i c i e n t  t o  
determine A and m unambiguously i n  accord w i t h  meteor theory.  
However, d d d t  is not d i r e c t l y  measurable; r a t h e r ,  one must 
introduce an a u x i l i a r y  equation r e l a t i n g  the  observable quant i ty  
t o  dm/dt. If it is t h e  ion ized  wake t h a t  is being observed, 
t h i s  equat ion is 
where I is the energy per u n i t  t i m e  expended i n  c r e a t i n g  ion 
p a i r s .  Meteor ion iz ing  e f f i c i ency  T is defined by Eq. (3) 
and is the  r a t i o  of t he  energy expended i n  ion iza t ion  t o  the  
k i n e t i c  energy of t h e  ab la ted  meteoroidal mass. It  is genera l ly  
more convenient t o  express the ion iza t ion  process  i n  terms of 
t he  ion iz ing  p robab i l i t y  B, 
q 
q 
where dn/dt is the  t o t a l  number of i o n  p a i r s  formed per u n i t  
time and y is t h e  mass of the evaporated atom. S is t h e  r a t i o  
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of ions formed t o  t h e  number of atoms a v a i l a b l e  t o  c r e a t e  ion 
p a i r s .  O f  course, I3 is veloci ty  dependent. T is r e l a t e d  t o  B 
9 
bY 
where 8 is the  ion iza t ion  po ten t i a l  of t h e  atoms. 
Thus a d i r e c t  measurement of dn/dt by radar  s c a t t e r i n g  
techniques provides a s u f f i c i e n t  b a s i s  f o r  determining dm/dt, 
provided 6 is known with s u f f i c i e n t  accuracy. The objec t ive  of 
the  present  experiments is t o  determine B by experimental 
measurement: 
2. LABORATORY bfETEOR SIbWLATION 
For adequate s imulat ion of meteoric phenomena i n  the  
laboratory,  c e r t a i n  condi t ions must be s a t i s f i e d .  One of t he  
most s t r i n g e n t  requirements is imposed by aerodynamic con- 
s i d e r a t i o n s .  Most r a d i o  and photographic meteors a r e  observable 
a t  a l t i t u d e s  where f r e e  molecular flow condi t ions  p reva i l .  The 
free molecular regime is spec i f i ed  by t h e  condi t ion  t h a t  t he  
molecular mean f r e e  path be much l a r g e r  than t y p i c a l  body 
dimensions, i .e . ,  A/D >> 1, where X is t h e  molecular mean f r e e  
path and I) t he  p a r t i c l e  diameter. Thus, t he  l a r g e r  t he  body, 
t h e  lower t h e  absolute  gas pressure must be, An obvious conse- 
quence of lowered gas  pressure is increased i n t e r a c t  ion d is tance  ; 
even a casua l  eva lua t ion  ind ica tes  t h a t  reasonable i n t e r a c t i o n  
d i s t a n c e s  can be achieved only by t h e  use of small p a r t i c l e s .  
The electrostatic p a r t i c l e  a c c e l e r a t o r  described by 
4 F’riichtenicht provides high-velocity p a r t i c l e s  t h a t  m e e t  the  
r equ i r ed  condi t ions ,  S l a t t e r y  -- e t  a l e 5  have presented da ta  on 
meteor drag and heat t r a n s f e r  c o e f f i c i e n t s  obtained with t h i s  
a c c e l e r a t o r  and described the  app l i ca t ion  of t h e  acce le ra to r  t o  
meteor s imulat ion experiments, 
-3 - 
Provided the general  mechanism used t o  describe ion 
production is co r rec t ,  t h e r e  appears t o  be no d i f f i c u l t y  i n  
applying t h e  experimental  r e s u l t s  t o  n a t u r a l  meteors, even 
though t h e  absolute  s i z e s  of the p a r t i c l e s  are s i g n i f i c a n t l y  
d i f f e r e n t .  I t  appears t h a t  vaporizat ion is the  primary method 
of mass loss f o r  t he  experimental  p a r t i c l e s .  Atoms evaporated 
from t h e  p a r t i c l e s  t r a v e l  through t h e  gas a t  e s s e n t i a l l y  par- 
t i c l e  ve loc i ty  and s u f f e r  coll isions w i t h  t h e  a i r  molecules. 
Before an evaporated atom loses  a l l  of its k i n e t i c  energy by 
c o l l i s i o n s  t h e r e  is some probabi l i ty  6 t h a t  e i t h e r  it o r  an a i r  
molecule w i l l  be ionized,  This is exac t ly  t h e  mechanism em- 
ployed to descr ibe meteor ionizat ion.  
The absolute  gas pressure used i n  these  experiments is 
much higher than the  atmospheric pressure i n  the  region where 
meteors appear. However, t he  p a r t i c l e s  a r e  so  small  t h a t  A/D > 
5 x 10 f o r  t h e  w o r s t  case,  and t h e  condi t ions  f o r  f r e e  molecular 
f l o w  a r e  thus  c e r t a i n l y  s a t i s f i e d .  
3 
In general ,  an  accurate knowledge of a l l  of the  q u a n t i t i e s  
and cons tan ts  included i n  Eqs. (1) t o  ( 5 )  is required f o r  a f u l l  
eva lua t ion  of meteor phenomena, However, with meteors a t  high 
i n i t i a l  v e l o c i t i e s  a s i g n i f i c a n t  s i m p l i f i c a t i o n  occurs. Under 
such condi t ions the  k i n e t i c  energy of t he  meteor g rea t ly  exceeds 
its energy of vaporizat ion.  This is i l l u s t r a t e d  by d iv id ing  
Eq. (2) by Eq. (1) t o  obta in  
I n t e g r a t i n g  from an  i n i t i a l  v e l o c i t y  vo t o  a ve loc i ty  v g ives  
-4- 
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where u = A/2rC. The implicat ions of Eq. (7) a r e  pointed out  
by Table I, where the  change i n  ve loc i ty  a s  a func t ion  of i n i t i a l  
ve loc i ty  is given for 99% mass ab la t ion ,  i.e., m/m = 0.01. The 
ca l cu la t ions  a r e  based on r = 1, A = 1 (from R e f .  5 ) ,  and 6 = 
7.2  x l o lo  ergs/gm (heat of vaporizat ion of i ron) .  
0 
TABLE I. Deceleration f o r  99% Mass 
Ablation (m/mo = 0.01) 
Fr a c  t i ona 1 
I n i t i a l  V e l o c i t y  Final  V e l o c i t y  Velocity 
(km/sec) (kdsec)  Change 
40.0 38.4 .04 
30.0 27.7 .09 
25.0 22.2 . 11 
20.0 16.4 . 18 
15.0 9.7  .35 
It can be seen t h a t  a meteor with a high i n i t i a l  ve loc i ty  is essen- 
t i a l l y  completely vaporized whi l e  s u f f e r i n g  neg l ig ib l e  deceler-  
a t i o n .  The a c t u a l  magnitude of t h e  ve loc i ty  change is dependent 
upon a ;  however, r e l a t i v e l y  large u n c e r t a i n t i e s  i n  u can be 
t o l e r a t e d  without s i g n i f i c a n t l y  a f f e c t i n g  the  bas ic  assumption. 
I f  cons tan t  ve loc i ty  is assumed, Eq. (4) can be i n t eg ra t ed  
d i r e c t l y ,  y i e ld ing  
N 1 = ;  6 m  0 = B N ~  ,
where N I  is the  t o t a l  number of ion p a i r s  c r ea t ed  and NA is t h e  
number of atoms i n  t h e  meteor. Thus, measurement of t h e  t o t a l  
il-rlmber of iorra praueed as e funct ion of initial ve loc i ty  y i e l d s  
-5- 
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the  des i red  information, provided the  i n i t i a l  p a r t i c l e  mass is 
known, 
3. EXPERIWTAL TECHNIQUES AND APPARATUS 
A diagram of the  experimental conf igura t ion  is shown i n  
Figure 1.. Charged p a r t i c l e s  from the  acce le ra to r  pass first 
through t w o  p a r t i c l e  de t ec to r s  used t o  measure t h e  p a r t i c l e  
ve loc i ty  and then through a t h i r d  de t ec to r  from which t h e  charge 
on t he  p a r t i c l e  is determined, The p a r t i c l e s  e n t e r  the  gas  t a r g e t  
region a f t e r  passing through the ape r tu re s  of a d i f f e r e n t i a l  
pumping sys t em.  Ions produced i n  t h e  chamber a r e  c o l l e c t e d  on 
one p l a t e  of a p a r a l l e l - p l a t e  i on iza t ion  chamber e Photomult ipl ier  
tubes (not shown i n  t h e  f igu re )  spaced along t h e  ion iza t ion  
chamber view the  luminous t r a i l  and serve  t o  ind ica t e  t h e  pos i t i on  
of t h e  p a r t i c l e  while ion iza t ion  is occurring. The pressure 
within the  gas  chamber is adjusted by a va r i ab le  leak  and is 
monitored by a P i r a n i  gauge. The func t ion  and operat ion of each 
of these items is discussed b e l o w .  
3.1 I n i t i a l  P a r t i c l e  Parameter Measurement 
The magnitude of t h e  charge on a p a r t i c l e  en te r ing  the  
t e s t  s e t u p  is determined by measuring the  amplitude of a voltage 
s i g n a l  induced on a c y l i n d r i c a l  d r i f t  tube of known capacitance 
through which the  p a r t i c l e  passes.  Its ve loc i ty  is determined 
by measuring the  t r a n s i t  time through 8 s i n g l e  de t ec to r  or t he  
t r a v e l  t i m e  between de tec to r s  s e t  a known, d is tance  a p a r t .  Given 
charge q and ve loc i ty  v, t he  p a r t i c l e  mass is computed from the  
conservat ion of energy equation: &v2 = qV, where V is the  t o t a l  
acce le ra t ing  vol tage e 
Only a small  f r a c t i o n  of t h e  p a r t i c l e s  from the  accel-  
e r a t o r  a r e  compatible w i t h  a given se t  of experimental  condi t ions.  
For a given gas  pressure,  there  a r e  l i m i t s  on p a r t i c l e  ve loc i ty  
and mass which w i l l  r e s u l t  i n  t o t a l  vaporizat ion of t he  p a r t i c l e  
while it is wi th in  the  confines of t h e  ion iza t ion  chamber, The 
- 6- 
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pr inc ipa l  funct ion of t h e  ve loc i ty  d iscr imina tor  is the  s e l e c t i o n  
of events  t o  be displayed on t h e  recording osci l loscopes.  
from t h e  t w o  ve loc i ty  de tec tors  a r e  f ed  t o  an e l e c t r o n i c  l o g i c  
c i r c u i t ,  and i f  t he  p a r t i c l e  t r a n s i t  t i m e  between the  d e t e c t o r s  
l i e s  within a p re se t  i n t e r v a l ,  a t r i g g e r  pu lse  is generated.  The 
tr igger pulse ,  which is coincident with the  leading edge of the  
s i g n a l  f r o m  t h e  second ve loc i ty  detector, is used t o  s t a r t  t h e  
sweep of a dual-beam osci l loscope (Tektronix Model 5 5 5 ) .  Since 
the  ve loc i ty  of p a r t i c l e s  from t h e  acce le ra to r  depends upon t h e i r  
mass, t he  s e l e c t i o n  of a ve loc i ty  range s p e c i f i e s  t he  mass range 
a l s o .  
Signals  
4 
The ve loc i ty  of each p a r t i c l e  is determined more prec ise ly  
by measuring its t r a n s i t  t i m e  between the  second ve loc i ty  de t ec to r  
and t h e  charge de t ec to r .  This is accomplished by displaying t h e  
charge de t ec to r  s i g n a l  on t he  osc i l loscope  t r a c e  t r i gge red  by 
t h e  output pulse from the  ve loc i ty  d iscr imina tor .  The t r a n s i t  
t i m e  between the  de tec tors ,  which a r e  separated by 77.5  c m ,  is 
measured from the  beginning of t he  t r a c e  t o  the  Peading edge of 
t h e  charge de t ec to r  pulse.  The uncer ta in ty  i n  the  ve loc i ty  
measurement is estimated t o  be less  than +2%. - 
Since the  q/'m r a t i o  of p a r t i c l e s  from the  acce le ra to r  is 
inverse ly  proport ional  t o  p a r t i c l e  size, one must use extremely 
small  p a r t i c l e s  ( typ ica l ly  0.1 micron i n  diameter f o r  t h e  present  
work) t o  obta in  s u f f i c i e n t l y  high v e l o c i t i e s ,  P a r t i c l e s  i n  t h i s  
size range ca r ry  a charge of between 2 x 10 -16 and 2 x 10 
coulombs, The charge de tec tor  u t i l i z e s  a high input impedance 
preampl i f ie r  connected i n  a bootstrapped configurat ion.  The 
amplitude of t he  output s igna l  Vc is r e l a t e d  t o  the  p a r t i c l e  
charge by q = VcC/G, where C is the  detector capacitance and G 
is t h e  preamplif ier  gain.  The quant i ty  C/G is not amenable t o  
direct measurement i n  the  bootstrapped configurat ion;  it was 
determined by d i r e c t  comparison of the s i g n a l  with that  of a 
c a l i b r a t e d  charge de t ec to r  t h a t  u t i l i z e d  a conventional cathode- 
follower input  s t a g e ,  The capacitance of t h e  comparison detector 
-15 
6 
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, 
(including t h e  input  capacitance of t he  ampl i f i e r )  was measured 
with a prec is ion  capacitance bridge, and the ga in  was determined 
by amplifying a s i g n a l  of prec ise ly  known amplitude. The two 
detector-preamplif i e r  combinations were compared by measuring 
the  amplitude of t h e  respect ive output s i g n a l s  produced by a 
common p a r t i c l e  from t h e  acce lera tor .  Since t h e  comparison de- 
t e c t o r  is less s e n s i t i v e ,  t h e  range of p a r t i c l e  charges used f o r  
The est imated un- c a l i b r a t i o n  was from 10  
c e r t a i n t y  i n  t h e  c a l i b r a t i o n  of C/G f o r  t h e  charge de t ec to r  is 
t o  10 -13 coulombs. -14 
- +lo%. 
Another f a c t o r  t h a t  influenced the  prec is ion  of t he  charge 
measurement was t h e  signal-to-noise r a t i o ,  which w a s  about 3 f o r  
t he  worst case (highest-velocity p a r t i c l e s )  and g rea t e r  than 10 
f o r  t h e  low-velocity p a r t i c l e s .  The d i f f i c u l t y  i n  reading t h e  
charge p rec i se ly  cont r ibu ted  t o  the  spread i n  the  f i n a l  data .  
The reading e r r o r  was estimated a t  less  than  +20% f o r  high- 
ve loc i ty  p a r t i c l e s  and less than +5% f o r  p a r t i c l e s  a t  low 
v e l o c i t i e s .  
- 
- 
3.2 Ioniza t ion  Measurement 
The ion iza t ion  chamber cons is ted  of a p a i r  of gold-plated 
p a r a l l e l  p l a t e s  30.5 c m  long and 2.5 c m  wide, separa ted  by 0.64 
c m .  The p a r t i c l e s  were in j ec t ed  along a plane midway between the 
two p l a t e s .  One of t he  p l a t e s  was connected t o  a pos i t i ve  b i a s  
supply,  which was var ied  from 10 t o  50 v o l t s ,  wh i l e  the  o ther ,  
which served a s  the  ion  co l l ec to r ,  was grounded through t h e  input  
s t a g e  of a high input  impedance s o l i d  s t a t e  ampl i f ie r .  The ampli- 
f i e r  had an o v e r a l l  vol tage gain of abcut 100 and a pass  band 
from 100 cps t o  1 Mc/sec. The RC'decay t i m e  of t he  input s t age  
(which included t h e  capacitance t o  ground of t h e  c o l l e c t o r  p l a t e )  
was f ixed  a t  about 0.5 sec. Since t h i s  period was very long i n  
comparison with t h e  t i m e  i n t e r v a l  over which ions w e r e  co l lec ted ,  
t h e  ion cu r ren t  was e f f e c t i v e l y  i n t e g r a t e d  a t  the  input s t age .  
The t o t a l  charge co l l ec t ed  Qc was r e l a t e d  t o  the  amplitude of 
t h e  output sigoal Vo by = V,Cc/G, where Cc is t h e  capacitance 
-9- 
of the  c o l l e c t o r  and G is t h e  voltage ga in  of the  ampl i f ie r .  
The ion iza t ion  chamber was c a l i b r a t e d  by applying a pulse  
of known amplitude through a c a l i b r a t e d  capac i tor  t o  the  input  
of t he  ampl i f ie r  and measuring t h e  r a t i o  of output voltage t o  
input voltage.  T h i s  quant i ty  is equal  t o  GC/(C + Co), where C 
is t h e  capacitance of t he  c a l i b r a t i n g  capac i tor ,  C, t h e  capaci tance 
of t h e  chamber, including the  ampl i f ie r  input capaci tance,  and 
G is the  vol tage gain.  During operat ion the  c a l i b r a t i n g  capac i to r  
remained i n  place,  but it was returned t o  ground, g iv ing  an  
e f f e c t i v e  collector capacitance Cc = C + Co. The uncer ta in ty  i n  
the  measured value of Cc/G is est imated t o  be less  than - +5%, and 
random errors due t o  reading t h e  pulse  amplitude a r e  es t imated 
t o  be less  than - +3%. 
The t r a n s i t i o n  from t h e  main acce le ra to r  vacuum system t o  
the  low-pressure gas  t a r g e t  was accomplished by means of a 
d i f f e r e n t i a l  pumping system. The s y s t e m  contained t w o  intermediate  
pressure chambers, one of which was cont inua l ly  evacuated by an 
o i l  d i f f u s i o n  pump w h i l e  the  o ther  was pumped by a mechanical 
fore-pump. P a r t i c l e s  from the acce le ra to r  w e r e  i n j e c t e d  through 
t h e  channels separa t ing  t h e  various chambers. The s y s t e m  was 
capable of sus t a in ing  t a r g e t  pressures  up t o  about 5 Torr,  a l -  
though the  maximum pressure required for  the present  experiment 
was only about 0.1 Tor r .  The only p a r t i c u l a r  requirement imposed 
on t h e  gas  pressure was t h a t  i t  be within t h e  range i n  which a 
p a r t i c l e  would be vaporized while within the  space occupied by 
t h e  ion iza t ion  chamber p l a t e s .  Since the  absolute  gas  pressure 
was not  p a r t i c u l a r l y  c r i t i c a l ,  no attempt t o  measure it p rec i se ly  
was made. Instead, t h e  pressure was simply monitored by a cal i -  
bra ted  P i r a n i  gauge. Regulation and adjustments were made by 
means of a var iab le  leak. 
The c o r r e c t  pressure t o  be used f o r  any given p a r t i c l e  
v e l o c i t y  and mass range was determined by inspec t ion  of the  
s i g n a l s  obtained from the  photomultiplier tubes and the  ion 
c o l l e c t o r  (see Figure 1). If t h e  pressure was too high, 
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vaporizat ion and ion iza t ion  s t a r t e d  within t h e  entrance channel 
and some of t h e  ions  were not co l lec ted ,  a s  evidenced by an 
abrupt ly  r i s i n g  ion iza t ion  s igna l  and no luminous emission towards 
the  downstream end of the  chamber. If the  pressure was too  low, 
vaporizat ion d i d  not canmence e a r l y  enough and the  p a r t i c l e  l e f t  
the  chamber with a r e s i d u a l  mass. This type of behavior was 
manifested by s i g n i f i c a n t  luminosity a t  t h e  l a s t  photomult ipl ier  
tube and a sudden break i n  the  ion iza t ion  s i g n a l ,  i n d i c a t i n g  t h a t  
t h e  p a r t i c l e  bas still producing ions a s  it l e f t  t h e  chamber. In 
prac t i ce ,  the  pressure was adjusted so t h a t  complete vaporizat ion 
took place between t h e  pos i t ions  s p e c i f i e d  by phototubes 2 through 
5 .  (There were s i x  phototubes a l t o g e t h e r , )  
The voltage appl ied t o  the ’co l l ec to r  p l a t e  of t h e  ion i -  
z a t i o n  chamber was d i c t a t e d  by c o n f l i c t i n g  requirements. A t  high 
values  of appl ied vol tage and t a r g e t  chaniber pressure,  e l e c t r o n  
m u l t i p l i c a t i o n  might produce a s i g n i f i c a n t  e f f e c t ,  whereas a t  l o w  
pressures  and small vol tages ,  a small  f r a c t i o n  of t he  most ene rge t i c  
i ons  could surmount t h e  p o t e n t i a l  b a r r i e r  and reach the  pos i t i ve  
p l a t e .  To avoid t h e  complication of ad jus t ing  c o l l e c t o r  vol tage 
a s  t h e  pressure was changed, data  were c o l l e c t e d  over t he  e n t i r e  
range of pressures  a t  c o l l e c t i o n  vol tages  of 10, 20, and 50 v o l t s .  
A c a l c u l a t i o n  of t he  magnitudes of t he  two opposing e f f e c t s  
i nd ica t ed  t h a t  they might a l t e r  t he  r e s u l t s  by about lq i n  t h e  
extreme cases .  No s i g n i f i c a n t  d i f f e rences  i n  t h e  da ta  acquired 
a t  d i f f e r e n t  b i a s  vol tages  were noted, and a l l  t h e  da t a  were 
combined 
A reproduct ion of a t yp ica l  photographic record is shown 
i n  Figure 2. The charge de t ec to r  s i g n a l  is displayed on t he  
upper t r ace ,  and t h e  output s igna l  from the  ion iza t ion  chamber is 
displayed on the lower trace. In operat ion,  t h e  lower trace was 
t r i g g e r e d  automatical ly  by t h e  upper beam sweep. A var i ab le  
delay between the  s t a r t  of t h e  two sweeps was ava i l ab le ,  and t h i s  
was usual ly  selected so t h a t  t he  lower sweep s t a r t e d  immediately 
a f t e r  t h e  p a r t i c l e  passed through the charge d e t e c t o r ,  The s t a r t  
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Figure 2. Tracings of osci l loscope p i c t u r e s  obtained f o r  a t y p i c a l  
p a r t i c l e .  Sweep A is s t a r t e d  by t h e  passage of t h e  par- 
t i c l e  through the  second v e l o c i t y  de t ec to r  and d i sp lays  
the output of the charge de t ec to r .  The t i m e  t is the 
p a r t i c l e  f l i g h t  t i m e  over 77.5 c m  and t h e  height of t he  
s i g n a l  i nd ica t e s  the  p a r t i c l e  charge. Sweep B is 
s t a r t e d  automatically by Sweep A and d i sp lays  the  output 
s i g n a l  from the  ion chamber i n  t h e  gas t a r g e t .  
Oscil loscope s e t t i n g s  f o r  t h i s  p a r t i c u l a r  p a r t i c l e  were: 
Sweep A v e r t i c a l  s e n s i t i v i t y  0 .02  volts/cm, ho r i zon ta l  
sweep speed 5 psec/cm, Sweep B v e r t i c a l  s e n s i t i v i t y  
2 . 0  volts/cm, horizontal  sweep speed 5 psec/cm. 
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of the  lower beam sweep is s i g n a l l e d  by t h e  br ightening of t he  
upper trace,  
A comparison photograph (not shown) recorded t h e  output 
pulses  from t h e  phototubes. This  record was used pr imar i ly  as 
a q u a l i t a t i v e  a i d  i n  ad jus t ing  t a r g e t  pressure and p a r t i c l e  
parameters. A l l  of t he  osci l loscope photographs were read on a 
Twlereader p ro jec to r  t o  three-f igure accuracy 
4. RESULTS AND DISCUSSION 
The value of 6 was computed f o r  each p a r t i c l e  by d iv id ing  
the  number of ions  produced by t h e  number of atoms i n  t h e  i ron  
p a r t i c l e .  The r e s u l t s  a r e  p l o t t e d  i n  Figures 3 and 4. 
Figure 3 shows the  measured values  of 8 a s  a func t ion  of 
i n i t i a l  p a r t i c l e  ve loc i ty  w i t h  a i r  a s  t h e  t a r g e t  gas. A s i m i l a r  
p l o t  f o r  an argon gas t a r g e t  is shown i n  Figure 4. The s t r a i g h t  
l i n e  i n  each f i g u r e  is derived from a leas t - squares  f i t  t o  the  
e quat ion 
log  6 =I l o g  6, + 9 l og  v (9) 
Use of t h i s  equat ion assumes t h a t  the  ve loc i ty  dependence of 6 
is of t he  form 6 = BOv9, which may not  be the case.  
The r e s u l t s  of t h e  leas t - squares  f i t s  to t h e  logari thmic 
equat ion,  when v is given i n  m/sec, a r e  
1% 6 - (15,440 + -118) + (3.12 + e 1 9 )  log v - - Target gas, a i r :  
C l O )  
Target gas,  argon: log 8 - - (20.416 - + .084) + (4-13 - + .2O) log  v 
(11 1 
with the  s tandard  devia t ions  of t he  c o e f f i c i e n t s  ind ica ted .  
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Figure  3. 
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- 
35 4 0 4 5 5 0  
PARTICLE VELOCITY (KWSEC) 
Results of measurements of the ion iza t ion  probabil i ty ,  
B, i n  a i r  versus the i n i t i a l  v e l o c i t y  of the p a r t i c l e .  
Each point represents a measurement from one p a r t i c l e .  
The s t r a i g h t  l i n e  is a l e a s t  squares fit to  the 
equation log 6 - log Bo + 7 log v. 
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c'igiire . i .  !:esults of measurements of t h e  i o n i z a t i o n  p r o b a b i l i t y ,  
3 ,  i n  argon v e r s u s  t h e  i n i t i a l  v e l o c i t y  of t h e  p a r t i c l e .  
Each p o i n t  r e p r e s e n t s  a measurement from one p a r t i c l e .  
The s t r a i g h t  l i n e  is a l e a s t  s q u a r e s  f i t  to t h e  
equation log f3 = l o g  8, + 9 log v .  
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The standard devia t ions  of the  c o e f f i c i e n t s  provide a 
The accuracy of Bo measure of the  p rec i s ion  of the r e s u l t s .  
depends upon the  var ious possible  systematic  e r r o r s  discussed 
i n  t h e  previous sec t ion ,  which a r e  estimated t o  t o t a l  less than 
- +18%. 
and argon t a r g e t s .  
known is independent of t h e  instrumental  errors,  s ince  i t  involves 
only r a t i o s  of B's a t  d i f f e r e n t  v e l o c i t i e s .  Thus, the uncer ta in ty  
i n  q is indica ted  by the measured s tandard deviat ion.  
This f igu re  app l i e s  t o  the  measurements made with both a i r  
The accuracy t o  which the  c o e f f i c i e n t  q is 
There is no a p r i o r i  reason f o r  expecting the  ion iz ing  
e f f i c i ency  i n  a i r  t o  be equal  t o  t h a t  i n  argon. However, one 
might expect the  ve loc i ty  dependence t o  be t h e  same, but it 
appears t o  d i f f e r .  Although there is no direct  experimental  
evidence t o  support  such a hypothesis,  a poss ib le  explanat ion 
might be the d i f f e rences  i n  i n t e r a c t i o n  between diatomic and 
monatomic molecules. 
It  is of i n t e r e s t  t o  compare the r e s u l t s  of the  present  
measurements with those obtained by other workers. The m o s t  
3 r ecen t  c a l c u l a t i o n  of B is probably t h a t  of Verniani and Hawkins. 
They have taken the r e s u l t s  of simultaneous photographic and r a d i o  
observat ions of meteors and deduced a value for the  r a t i o  of 
luminous e f f ic iency  t o  ionizing e f f i c i ency  a s  a funct ion of meteor 
v e l o c i t y .  F r o m  t h i s  r a t i o  they then  c a l c u l a t e  B and its dependence 
on ve loc i ty ,  using an expression f o r  t h e  luminous e f f i c i ency  a s  
der ived  by V e ~ - n i a n i . ~  
e f f i c i e n c y  of cometary mater ia l  is 
Their r e s u l t a n t  expression for  t h e  ion iz ing  
B = l  x V 
where the  ve loc i ty  is in m/sec. The uncer ta in ty  i n  the exponent 
is est imated by the  authors  a s  - +0.5.  
Comparison of t h e  r e s u l t s  of Verniani and Hawkins t o  t h e  
p re sen t  work is complicated by the d i f f e rences  between cometary 
m a t e r i a l  and i ron ,  A t h e o r e t i c a l  c a l c u l a t i o n  by Lazarus and 
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Hawkins* on ion iz ing  probabi l i ty  i n d i c a t e s  t h a t  t h e  r e l a t i v e  
ion iz ing  e f f i c i e n c i e s  of d i f f e r e n t  elements vary a s  t h e  r a t i o s  
n 3, where n is the  number of valence e l e c t r o n s  of the  atom, p 
isE t he  atomic mass, and E is the  ion iza t ion  energy. They con- 
clude t h a t  t he  conversion f ac to r  between i ron  and cometary 
mater ia l  is 
= 2.9 B 'Fe cometary 
For the  sake of showing a comparison, we a r b i t r a r i l y  multiply 
V e  r n i a n i  
A 
f o r  i r o n  
q u i r e  no 
s u l t s .  
and Hawkins' r e s u l t  by t h i s  f a c t o r  t o  ob ta in  
BFe = 2 .9  x 
t h e o r e t i c a l  ca l cu la t ion  of 
p a r t i c l e s  has been made by 
(14) 10-20 4 V 
t h e  ion iz ing  p robab i l i t y  
6pik,2 and h i s  r e s u l t s  re- 
co r rec t ion  t o  be compared d i r e c t l y  t o  t h e  present  re- 
The th ree  curves shown i n  Figure 5 represent  BFe from t h e  
present  work, 6p ik ' s  value of BFe and Bpe deduced from the  value 
Of 'cometiry 
s u b s t a n t i a l l y  a t  v e l o c i t i e s  around 25 km/sec but (perhaps 
f o r t u i t o u s l y )  a l l  have very n e a r l y  the same value a t  50 km/sec. 
The f o r m  of t he  ve loc i ty  dependence suggested by Verniani ~ n d  Hawkins 
appears  t o  be compatible w i t h  the  experimental  r e s u l t s ,  but t h e  
obtained by Verniani and Hawkins. The curves d i f f e r  
va lue  of the  exponent is somewhat d i f f e r e n t ,  The 
t h e  experimental  da t a  on t he  ion iz ing  p robab i l i t y  
i n  a i r  is given by t h e  r e l a t i o n  
-16 3.12 
= 3.63 x 10 V 'Fe 
where the  ve loc i ty  is i n  u n i t s  of meters/sec. 
best f i t  t o  
f o r  i r o n  atoms 
mere are two considerat ions t h a t  might a f f e c t  t he  
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i ' igure  5 .  Comparison of t h e  r e s u l t s  of t h e  p r e s e n t  work t o  t h o s e  
of h i k  and Verniani  and Hawkins. The e q u a t i o n  of 
Verniani  and Hawkins has  Sezx corrected for t h e  
difference between i r c n  and cometary material u s i n g  t h e  
t echn ique  of Lazarus and Hawkins. 
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app l i ca t ion  of these  measurements t o  meteor physics. F i r s t ,  t h e  
t i m e  between c o l l i s i o n s  of atoms is much s h o r t e r  i n  the  present  
experiment than i n  t h e  case of a r e a l  meteor, (because of t h e  
higher gas  dens i ty . )  This leads t o  the p o s s i b i l i t y  of ioni-  
z a t i o n  from an exc i ted  s ta te ,  which is r e l a t i v e l y  improbable i n  
the  case of meteors. T h i s  e f f e c t  would tend t o  increase t h e  
measured value of 8 .  Secondly, t h e  a i r  molecules i n  t h i s  experi-  
ment a r e  diatomic, a s  a r e  atmospheric molecules up t o  about 100 
km a l t i t u d e ,  but above 100 km an increas ing  f r a c t i o n  of the 
atmosphere is monatomic. The d i f f e rence  i n  ionizing p r o b a b i l i t i e s  
for diatomic molecules and monatomic molecules is not known nor 
can they be deduced from these experiments alone. However, a t  
a l t i t u d e s  around 100 km, the  dominant i n t e r a c t i o n  of meteor atoms 
is w i t h  diatomic molecules, t o  which these experimental r e s u l t s  
apply d i r e c t l y  . 
Experiments a r e  planned t o  inves t iga t e  more thoroughly 
effects of the molecular. c h a r a c t e r i s t i c s  of t h e  t a r g e t  gas  and 
of particle material. 
a 
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